Anatomical and functional hemispheric lateralization originates from differential gene expression and leads to asymmetric structural brain development, which initially appears in the perisylvian regions by 26 gestational weeks (GWs). In this in vivo neuroimaging study, we demonstrated a predominant pattern of temporal lobe (TL) asymmetry in a large cohort of human fetuses between 18 and 37 GWs. Over two-thirds of fetuses showed a larger, left-sided TL, combined with the earlier appearance of the right superior temporal sulcus by 23 GWs (vs. 25 GWs on the left side), which was also deeper than its left counterpart in the majority of cases (94.2%). Shape analysis detected highly significant differences in the contour of the right and left TLs by 20 GWs. Thus, fetal hemispheric asymmetry can be detected in utero, opening new diagnostic possibilities for the assessment of diseases that are believed to be linked to atypical hemispheric lateralization.
Introduction
The insights into the profound asymmetric structural and functional organization of the cerebral hemispheres serve as basis for our understanding of brain function in health and disease. Structural brain asymmetry is determined early in human development and seems to be linked to asymmetric hemispheric gene expression as early as 12 gestational weeks (GWs) (Sun et al. 2005) . In consideration of these findings, the presence of anatomical asymmetry, even in the prenatal stages, and the development of such asymmetry over time, is highly relevant for the understanding of functional diversities of the hemispheres. However, this functional diversity as a result of asymmetry can be explained only partly by the existing postmortem and postnatal imaging studies. This in utero neuroimaging study is designed to demonstrate structural hemispheric differences of the human fetal right and left temporal lobe (TL) and demonstrate their separation consistently on the basis of standardized magnetic resonance (MR) images of the fetal brain from 20 GW onward. Our findings may offer a new phenotypic marker for the clinical prenatal assessment of normal and abnormal brain development.
Structural brain asymmetries during human development have been extensively documented in the literature. After initial observations on Sylvian fissure asymmetries (Eberstaller 1890; Cunningham 1892; Retzius 1896 ) and the systematic study of Geschwind and Levitsky (1968) on differences in size and structural pattern of the left and right hemispheric TLs (reviewed in Galaburda et al. 1987 and Shapleske et al. 1999) and following the initial descriptions of fetal skull (Hrdlicˇka 1907 ) and brain asymmetries (Fontes 1944) , a large postmortem study reported an earlier appearance for the right hemispheric gyri and sulci (Chi et al. 1977) . However, since histological processing causes significant fluid loss, which leads to substantial changes in the micro-and macroanatomy of the fetal brain (Kretschmann 1986 ), postmortem analysis may not reflect the in vivo anatomy.
The image contrast of in vivo MR imaging is based on the biophysical properties of protons within a given tissue, which makes this modality ideal for the noninvasive study of the normal course of fetal brain development (Garel 2004a; Prayer et al. 2005) . In cases of extreme preterm birth, MR neuroimaging is possible from 24 GW onward, and recent reports have demonstrated an initial in vivo confirmation of the postmortem observations of structural fetal hemispheric asymmetry . However, systematic studies on brain asymmetry in children are limited by small case numbers and the negative impact of preterm birth on white (Counsell et al. 2003) and gray matter development (Ajayi-Obe et al. 2000) .
Since its introduction in the early 80s (Smith et al. 1983) , the technical prerequisites of fetal MR have continuously improved. The advent of ultrafast MR sequences (Chen et al. 1996; Lan et al. 2000) led to acquisition times less than 20 s and minimized the problem of fetal motion artifacts. Even subtle structures of the fetal brain can now be readily visualized in utero from 18 GW onward using T 2 -weighted and T 1 -weighted MR sequences (Garel 2004a; Garel 2004b; Prayer et al. 2005) . Dedicated MR protocols and exact and reproducible planning of sequences allow the study of brain asymmetry in utero and in vivo.
Previous reports described human brain asymmetries to be most pronounced in the developing perisylvian and TL regions (Fontes 1944; Geschwind and Levitsky 1968; Wada et al. 1975; Chi et al. 1977; Foundas et al. 1994; Sowell et al. 2002; Van Essen 2005; Catani et al. 2007 ). According to the role of the TL as the center of crucial neuropsychologic functions and the hypothesis of abnormal TL development as an important predisposition for common neurologic and psychiatric diseases, such as epilepsy, schizophrenia (Crow 1997) , autism (Boddaert et al. 2004) , or specific syndromes (Van Essen et al. 2006) , detailed prenatal data may aid in the elucidation of the pathological significance of early abnormal brain asymmetry.
This in utero and in vivo study was designed to analyze differences in size and shape between the developing fetal right and left TL with 2D linear quantification of TL growth and deepening of the TL sulci in a large sample of fetuses. To obtain insight into the overall TL shape development, we analyzed the quantitative shape development differences of the 2 hemispheres with an explorative computational shape statistics approach.
Materials and Methods

Study Cohort
Fetal MR neuroimaging data from 197 singleton pregnancies were retrospectively assessed in the study. Since the diagnostic use of fetal magnetic resonance imaging (MRI) is safe and generally recommended after completed organogenesis (after 18 GW) (ACOG Committee 2004), the examined age ranged from 18 GW to term. The study was approved by the institutional review board (EK Nr. 444/2008) , and all participants gave written informed consent.
The mean fetal age, presented as postmenstrual GW as determined by a first-trimester ultrasound scan, was 27 GW (standard deviation: ±3.6 GW). Data from 8.25 cases per each GW were available. There were 31.9% (n = 53) of studied fetuses who showed no abnormalities (as found by ultrasound and MR). In addition, 20.5% (n = 34) of included pregnancies were imaged in order to clinically evaluate lung and placental development after premature rupture of membranes (having occurred less than 3 weeks before imaging). Of the total group, 41% (n = 68) of fetuses with isolated body malformations (congenital diaphragmatic hernia, sacral teratoma, gastroschisis, polycystic kidneys, and duodenal atresia) and 6.6% (n = 11) of fetuses with cleft palate were added to the study population. Cases suspicious for cardiac abnormalities, complex syndromes, or chromosomal abnormalities were excluded. There were no macroscopic structural abnormalities of the fetal central nervous system (CNS) found by ultrasound or MRI.
Data Acquisition
Diagnostic fetal MRI was performed on a Philips 1.5 T superconducting unit (Philips Gyroscan). The preferred maternal imaging position was supine or the left lateral decubitus position. A SENSE cardiac coil, with 5 elements (3 posterior and 2 anterior) was wrapped around the mother's abdomen and readjusted during the imaging procedure, depending on the position of the fetal head. Routine fetal imaging required between 30 and 45 min (with approximately 20 min of dedicated fetal neuroimaging). Neither the mother nor the fetus was sedated.
Fetal neuroimaging consisted of single-shot, fast spin-echo T 2 -weighted sequences (variable repetition time-14 000 to 25 000 ms, echo time: 100--140 ms, slice thickness: 3--4.4 mm, field of view: 200--230 mm, matrix 256 3 256, in-plane resolution: 0.78--0.9 pixels per mm, flip angle: 90°, acquisition time 15--19 s), acquired in 3 orthogonal planes. Sequence preparation and planning of exact orthogonal orientations were guided by an anatomist (P.C.B.) or by an experienced fetal radiologist (D.P.), both with substantial expertise in the field of fetal neuroimaging. Axial images were acquired perpendicular to the axis of the fetal brain stem and served as a reference for the exact anatomical preparation of the coronal sequences, which were planned orthogonally, passing through corresponding positions of both inner ears and following the angle of the fetal brain stem, as depicted by sagittal T 2 -weighted sequences (Fig. 1) .
Image Analysis
Linear Measurements
Image postprocessing and linear measurements of fetal TL structures were performed by a radiologist (G.K.) and an experienced neuroradiologist (M.A.), using the public domain, Java-based image processing program ImageJ (ImageJ 1.38x, Wayne Rasband, National Institutes of Health, http://rsbweb.nih.gov/ij/index.html) in 166 cases.
The length of the temporal lobe (TLL) was measured on sagittal T 2 -weighted sequences. In order to guarantee optimal quality and exact orthogonal orientation of the imaging data, all cases that lacked a midline slice showing the corpus callosum to its full extent were excluded. Due to the absence of anatomical landmarks and a clear posterior limit of the human TL, a geometrical model served as a reference for the definition of TLL. To define the posterior limit of the TL, the most posterior extent of the Sylvian fissure was identified on sagittal T 2 -weighted sequences. Since an exact landmark structure for the inferior TL border does not exist (the occipitotemporal incisure has not developed in the majority of examined cases), an equilateral triangle, using the inferior and superior TL borders, was formed. The baseline (of the equilateral triangle) connecting the posterior limit of the Sylvian fissure and the geometrically generated lower border of the TL was defined as the posterior limit of the TL. The TLL was measured on both sides between the most anterior tip of the TL cortex and the described reference line (see Fig. 2 ).
Only coronal T 2 -weighted sequences, with exact orthogonal orientation and symmetric position of the inner ear structures, were used to measure the depth of the superior temporal sulcus (STS) and the height of the TL (TLH). The STS was measured, after defining a baseline, by a line conjoining the vertex of the forming superior temporal gyrus and the forming middle temporal gyrus. The sulcal depth was determined by measuring the distance between the deepest point (sulcal basin) of the STS and the baseline (see Fig. 3 ).
The TLH was bilaterally measured on coronal T 2 -weighted images at the most posterior slice position, where the Sylvian fissure was still visible.
Shape Analysis
In 31 cases, we performed a statistical analysis of the entire cortical shape using MATLAB 2009a (The MathWorks). The hypo-intense contour of the cortical plate in 31 fetal brains, between 20 and 30 GW of age (on average: 3 cases per GW), was segmented on coronal T 2 -weighted images. The resulting contour was split at the interhemispheric fissure and corresponding positions along the contours of all hemispheres were established by minimizing a minimum description length--based criterion function, following an approach described in Davies et al. (2002) . This function establishes correspondences for a finite set of n = 64 points along the set of 62 hemisphere contours. Shapes were aligned by Procrustes analysis, and a linear principal component model of the shape variation for the contours was calculated to represent the shape variability in a low-dimensional (d = 6) coefficient space. Each shape was described by a coefficient vector. In this space, we performed linear discriminant analysis (LDA) of the left and right hemisphere shapes for the entire shape set (20--30 GW) and for different gestational age intervals (20) (21) (20) (21) (22) (23) (24) (25) (27) (28) (29) . Each shape in the subset was assigned a coefficient with regard to the LDA direction. We analyzed the Figure 1 . Coronal T 2 -weighted images of fetal brains at 22, 25, 26, 28, and 30 GW: note the exact coronal orientation of the sequences with symmetric depiction of the skull base. There is a distinct morphology of the right and left hemisphere, which can be seen at 22 GW and earlier.
separability of the left/right hemispheres by calculating the overlap of 2 Gaussian distributions fitted to the coefficients of each hemisphere set. We analyzed the localization of the difference visually by visualizing the mean shape for each age interval and the respective contours when reconstructed from the LDA coefficient of each shape.
Statistical Analysis
All statistical calculations were done using SPSS 17.01 (SPSS Inc.).
Metric data like TLL or age are presented using means ± standard deviation when normally distributed and median, minimum and maximum when skewed. Nominal data like longer side of TLL are presented using percentages. Normal distribution was tested using one sample Kolmogorov--Smirnov test. For hemispheric comparisons of metric data, paired t-tests were used as differences were normally distributed for all target variables. Additionally, Pearson correlations were assessed. For the comparison of normal and cleft palate fetuses as well as for the comparison of fetuses within GW 24--28 with fetuses GW 28 till birth, unpaired t-tests were used as all assumptions to perform a t-test (normal distribution and homogeneous variances) were met by our data. Homogeneity of variances was tested using Levene tests. To assess the impact of age (GW 24--28 vs. GW 28--birth) and sex on hemispheric differences, a 3 way mixed model analysis of variance (ANOVA) was used. A P value P < 0.05 was assumed to indicate significant results.
Results
2D Biometry
In 156/166 cases, sagittal T 2 -weighted sequences had an adequate image quality that enabled the determination of TLL on both sides. A significant difference in TLL (t = 5.038, P < 0.001) was found. Independent of gestational age, the mean left TLL (28.70 ± 6.76 mm) was longer than the right TLL (27.45 ± 6.50 mm). A length difference of more than 5% could be detected in 65.4% (102/156), with a longer left TLL in 73.5% (75/102) of cases.
The TLH was bilaterally measured in 120/166 cases. It was significantly different between both sides (t = 4.414, P < 0.001), with the right-sided TL being higher than the left TL (mean The STS could be detected from 23 GW onward (Figs 1 and 4) . By 23 GW, the STS was visible in 16.7%, by 25 GW in 73.7%, and after 26 GW in 100% of cases. The right and left hemispheric depth of the STS were successfully measured bilaterally in 103/166 cases and showed a good linear correlation (r = 0.867, P < 0.001). Significant side differences (t = 14.78, P < 0.001) were found, with the right STS being significantly deeper (mean right STS: 3.53 ± 2.29 mm) than the left STS (mean left STS: 1.87 ± 2.1 mm). The right-sided STS was deeper in 94.2% (97/102) of cases. The majority-73.8% (45/61)-of cases showed a longer left-sided TLL and a deeper right-sided STS, whereas 23% (14/61) displayed longer right TLL and deeper right-sided STS (Table 1) .
No significant difference in hemispheric STS asymmetry was found between the earlier (24--28 GW) and later (28 GW--birth) gestational stages (P = 0.210). Figure 4 shows the mean STS depth of the right and left TL and indicates the deeper STS in the right hemisphere from the time of its (earlier) appearance from 23 GW onward. Moreover, the right STS was found to be consistently deeper, appearing earlier than its homotopic counterpart (Figs 1 and 4) , with the left STS achieving up to the same depth approximately 2 GW later (Fig. 4) .
A 3-way mixed ANOVA confirmed the significant hemispheric differences between the TLL (P = 0.002) and the STS (P < 0.001); however, there were no significant differences with regard to sex (TLL, P = 0.661; STS, P = 0.745) or age (TLL, P = 0.188; STS, P = 0.784) for TL asymmetry. In addition, the TLL (P = 0.317) and the STS (P = 0.148) were not found to differ significantly between male and female fetuses.
Except for a significant difference in total right-sided TLL (P = 0.021) between normal fetuses and those with cleft palate, none of the parameters (TLL and STS) and described Quantitative Shape Pattern Analysis Exploratory statistical shape analysis of the entire TL contour (Figs 5 and 6) of 31 individuals (gestational age: 20--30 GW) detected significant shape differences beginning at week 20 (P < 0.0006). LDA of all left and right TLs (unpaired) over the entire gestational age interval revealed the dominant differentiating contour locations to be at the STS and the forming collateral sulcus (see Fig. 6 , left contour). However, for this set, the LDA coefficient distributions overlapped (0.15), and, at both locations, the contour sets of the 2 TLs were not separated. After subdividing the interval into blocks of 3 GWs and performing LDA only on individuals within the age block, we could observe the dominant differentiating contour location at different gestational ages. In Figure 6 , the second to fourth columns show the mean shapes and the distributions of the left/right TL shapes for the intervals 20--22, 23--25, and 27--29 GW. For 20--22 GW, the difference existed but was small and distributed over the entire contour. The overlap of the 2 LDA coefficient distributions for the left and right TL was 0.15. For 23--25 GW, the coefficient overlap was 0.0016, and there were 2 contour locations (STS and collateral sulcus) without overlap. For 27--29 GW, the coefficient overlap was 0.015, and there was no overlap between the left and right TL shape at the STS location. For a narrow gestational age window (2 GWs), the difference between the left and right TL was already apparent, beginning at 20--21 GW. The LDA coefficient overlap was 0.004 and the 2 TL differed along their entire upper contour (Fig. 7) .
Discussion
Since the initial observations of significant anatomical differences between the right and left cerebral hemispheres (Eberstaller 1890; Cunningham 1892; Retzius 1896 ) and the different hemispheric representation of important cognitive functions in the late 19th century (Broca 1861; Dax 1865) , the interest in exploring the origins and consequences of brain asymmetry has occupied generations of neuroscientists. After extensive postmortem studies, modern noninvasive imaging techniques now offer the opportunity to extend the observational window into the prenatal period.
Fetal MRI reproducibly visualizes even subtle fetal brain structures in vivo and, in addition, allows computational postprocessing of the imaging data. These properties and careful planning of fetal brain imaging sequences at each examination offered (to our knowledge) the initial opportunity to systematically quantify human brain asymmetry in the perisylvian and TL regions in a considerable number of fetuses in vivo and in utero during the second and third trimester of pregnancy. Our 2D measurements initially revealed that over two-thirds (73.8%) of examined fetuses showed a certain asymmetry pattern with longer left-sided TLL and a deeper right-sided STS (Table 1) . This proportion resembles the adult distribution of asymmetries reported by Geschwind and Levitsky (1968) with a larger left-sided planum temporale in 65% of cases. As originally described in adults (Eberstaller 1890; Cunningham 1892; Geschwind and Levitsky 1968) , the longer left-sided Sylvian fissure was a consistent finding in the majority of fetuses as well.
Due to the absence of the STS prior to 23 GW, TL asymmetries are less evident on early second trimester prenatal imaging studies. However, we were able to observe significant differences between the TLL contours beginning at 20 GW, after we parameterized the fetal hemispheric and TL shapes and a LDA in the resulting low dimensional coefficient space was performed (Figs 6 and 7) . Thus, the computerized group analysis supported our observations and the subjective/clinical impression of a side-specific morphology of the right and left TL.
The differentiation between the 2 hemispheres exhibited less overlap if cases at shorter gestational age intervals were considered. This indicates the expected developmental velocity difference, that is, the shape of the left TL exhibits a delayed trajectory in the shape space. The difference in shape was distributed over the entire upper part of the TL contour by 20--21 GW. Later, asymmetry becomes more localized and first appears predominantly in the collateral sulcus (22--25 GW) and then shifts to the STS, where it is most dominant at 27--29 GW, as reported in postmortem studies (Fontes 1944; Chi et al. 1977) .
Since gross anatomical asymmetries of the planum temporale represent the macroscopic expression of cytoarchitectonic side differences (von Economo and Horn 1930; Galaburda et al. 1978) and neurochemical asymmetries of the fetal brain with a higher activity of cholinergic synapses in the right superior temporal gyrus region have been reported (Bracco et al. 1984) , our findings of a lateralized earlier appearance of the STS support the view of a differential prenatal developmental pattern of both hemispheres and early lateralization of brain (micro-)structure and function.
Cerebral Asymmetry of the Developing Fetal Brain
Structural asymmetries of the developing human skull and brain have already been observed and described. Early studies on fetal skull asymmetry revealed that the right frontal and middle and left posterior fossa were longer than their counterparts, much more often than the reverse (Hrdlicˇka 1907 ). Retzius and other researchers of the 19th century discussed the question, whether early asymmetry of the Sylvian fissure is consistently present in the fetal brain; however, they did not reach a definite conclusion (Retzius 1896) . In studying 39 fetal brains at different developmental stages during the second and third trimester, Fontes (1944) noted hemispheric asymmetries in several specimens. He found the left-sided Sylvian fissure more elongate and the right hemispheric superior temporal gyrus to be clearly visible before its homotopic counterpart of the left hemisphere by approximately 25 GW (72-mm frontooccipital diameter) (Fontes 1944) . The postmortem studies by Chi et al. (1977) , Dorovini-Zis and Dolman (1977) , and Wada (1977) systematically analyzed structural asymmetries of the fetal brain and described the earlier appearance of the right hemispheric perisylvian sulcal pattern. The presence of a larger left temporal planum in over two-thirds of cases (Geschwind and Levitsky 1968) could be confirmed in fetuses (Wada et al. 1975 ) and newborns (Witelson and Pallie 1973) , leading to the hypothesis of prelanguage and prenatal cerebral asymmetry as a major determinant of the future establishment of cerebral speech representation.
According to the technical advances in prenatal imaging techniques, sonography and MRI currently allow the detailed visualization of fetal brains in vivo and in utero. To date, the in vivo examination of fetal brain asymmetry has been limited to 2D ultrasound measurements, which generally reported longer left hemispheric anteroposterior diameters (Hering-Hanit et al. 2001) . were the first to confirm the postmortem findings by describing a larger surface for the right STS between 26 and 30 GW by the use of a detailed 3D quantification of the cortical folding process in all the examined 35 preterm children. No asymmetries in the developing primary motor and visual cortex regions could be identified.
In the present in vivo study, we used fetal MR imaging from 18 GW onward to further evaluate fetal TL asymmetry in a comparably large sample of fetuses. This gave us the opportunity to describe interindividual differences in asymmetric brain development and further provide data on the frequency of a certain asymmetry pattern, confirming that the earlier appearance of the right STS is a consistent event in over 94% of cases and that the left TL shows larger dimensions than the right side in over two-thirds of cases.
Limitations
As it is always difficult to force biological and anatomical structures into geometrical shapes, one limitation of our study is certainly the anatomical definition of TL. Since we aimed to 2D measure the TL size exclusively, we used a geometrical model to define the posterior limit of the TL, which proved to be a consistent approach and provided results, which appeared to correlate equally well with gestational age as the commonly used frontooccipital distance of the fetal brain (Garel 2004) .
Another source of inaccuracy in our analysis was our limited ability to fully control for an absolutely consistent coronal imaging plane. Since all our examinations are planned by a trained anatomist (P.C.B.), and only images with an exactly symmetric appearance of the skull base were included (Fig. 1) , the error introduced by oblique imaging planes was too small to explain the observed effects.
Finally, we were able to show that there were no significant differences between our findings in normal fetuses and fetuses with extra-CNS abnormalities, which we included to improve the sample size. Still, a certain influence of certain pathologies (premature rupture of membranes, congenital diaphragmatic hernia, teratoma, gastroschisis, polycystic kidneys, duodenal atresia) on fetal brain development cannot be fully excluded.
The Developmental and Genetic Background of Human Brain Asymmetry
As initially demonstrated by this study, a significant degree of asymmetry has been elaborated and objectified by pattern analysis and is, moreover, easily detectable by the experienced examiner as early as 20 GW (Figs 5 and 7) . Opposing earlier views (Galaburda et al. 1987) , these morphological asymmetries may be the result of genetically controlled diversities in the development of the right and left hemispheres/TL prior to the completion of the process of neuronal migration.
Furthermore, these findings support the results of recent studies on the genetic background of human brain asymmetry. Using a serial analysis of gene expression, Sun et al. (2005) were able to detect 49 differentially expressed genes between the left-right perisylvian regions of a 12 GW human embryonic cortex. In addition, they found that a certain transcription factor (Lim Domain Only 4) showed a consistent dominant expression in the right perisylvian cortical plate between 12 and 14 GW but without significant hemispheric differences in gene expression at 19 GW. Together with another recent study reporting a population level, global interhemispheric symmetry of gene expression in the late midfetal neocortex (Johnson et al. 2009 ), these observations suggest that asymmetric cortical patterning is an early developmental event and mainly under genetic control.
The results of the present study support this concept in several ways. First, the consistency in the lateralization of the STS formation suggests a basic genetically controlled program, which also predisposes for the development of specific cytoarchitectonic (von Economo and Horn 1930; Galaburda et al. 1978) and neurochemical (Bracco et al. 1984) asymmetries of the TL. Additionally, the characteristic hemispheric contours of the TL at 20 GW and their changes over time may indicate a specific spatiotemporal pattern of right hemispheric differentiation and development. Second, the small variability in the degree of STS asymmetry points to a mechanism that influences brain development at very early stages, at least prior to the establishment of functional neuronal networks. Third, the in vivo quantification of the STS unequivocally demonstrated an earlier appearance of the right STS by 2 GW, confirming the concept of the arrival of corresponding developmental stages sooner in the right than in the left hemisphere (Sun et al. 2005 ). In addition, our structural data further support the findings of functional neuroimaging studies, indicating an earlier maturity of right hemispheric function (Chiron et al. 1997) , which, however, is rapidly superseded by left hemispheric dominance for acoustic (Devlin et al. 2003) and speech processing (Dehaene-Lambertz et al. 2002) during postnatal development (reviewed in DehaeneLambertz et al. 2006) .
In contrast, asymmetry in TL size is less consistent, with larger dimensions for the left TL found in over two-thirds of examined fetuses. As this relationship remained constant throughout our observational window (18 GW term), the developmental factors that influence this phenomenon may act quite early but still allow a certain range of individual variability in left temporal sulcal morphology. This may further explain the detection of a stronger heritability of specific individual left hemispheric perisylvian morphologic patterning (Thompson et al. 2001) . This is supported by our finding of a longer duration of the left hemispheric TL development with changes of the left TL structure, detectable far after birth (Sowell et al. 2002) , and finally providing the (micro-)structural (Galuske et al. 2000) and functional capacity for lateralized brain function (Wernicke 1874; Wada 1977; Foundas et al. 1994; Devlin et al. 2003; Dehaene-Lambertz et al. 2006; Josse et al. 2009 ).
Clinical Relevance of Fetal Brain Asymmetry
Clinically, the assessment of fetal brain development by prenatal ultrasound and MR imaging mainly focuses on parameters, such as total brain and head size, size of the ventricles, and cortical folding patterns (Garel 2004; Toi et al. 2004 ). However, the asymmetric nature of the fetal brain has been widely neglected to date. Our data indicate a highly specific cortical pattern for the right and left fetal TL/fetal hemispheres, which enables reliable radiological and mathematical discrimination. This offers another parameter that may be included in the morphological examination of the fetal central nervous system. According to the early patterning of the fetal hemispheres, abnormalities in fetal cerebral lateralization may be among the earliest morphological signs of profound developmental abnormalities. In the future, the prognostic and diagnostic impact of detecting atypical developmental brain asymmetries on the early detection of severe developmental pathology must be evaluated.
Since the TL is responsible for important cognitive functions, a wide spectrum of neurological and psychiatric diseases is associated with structural abnormalities of this brain region (Crow et al. 1989; Boddaert et al. 2004; Holinger et al. 2005; Van Essen et al. 2006) . Autism (Boddaert et al. 2004) , schizophrenia (reviewed in Crow 1997), and specific syndromes, such as the Williams syndrome (Holinger et al. 2005) , are, to a certain extent, developmental in origin and have been associated with structural abnormalities of the TL. However, no intrauterine phenotypic marker of the fetal brain that potentially predisposes for their occurrence has yet been described. Following our descriptions of fetal brain asymmetry, it may be possible to identify cases of atypical lateralization patterns, thus allowing further study of the consequences of abnormal brain lateralization. In the future, large follow-up studies in these cases may elucidate the disputed question (Narr et al. 2007 ) of whether inverse asymmetry or loss of asymmetry are risk factors for the postnatal development of dyslexia, schizophrenia, or autism (Boddaert et al. 2004 ).
Notes
